Abstract The present research aims at the evaluation of the hygienization performances of innovative sludge treatment processes applied for the separated treatment of secondary sludge. Namely, two digestion pretreatments (sonication and thermal hydrolysis) and two sequential biological processes (mesophilic/thermophilic and anaerobic/aerobic digestion) were compared to the mesophilic (MAD) and thermophilic anaerobic digestion (TAD). Microbial indicators (Escherichia coli, somatic coliphages and Clostridium perfringens spores) and pathogens (Salmonella and enteroviruses), which show different resistances to treatment processes, were monitored in untreated and treated sludge. Overall, microbial load in secondary sludge was shown to be similar or lower than previously reported in literature for mixed sludge. Notably, the anaerobic/aerobic digestion process increased the removal of E. coli and somatic coliphages compared to the simple MAD and always achieved the hygienization requirement (2-logunit removal of E. coli) proposed by EU Commission in the 3rd Working Document on sludge (April 2000) for the use of treated sludges in agriculture with restriction on their application. The microbial quality limits for the unrestricted use of sludge in agriculture (no Salmonella in 50 g wet weight (WW) and E. coli <500 CFU/g) were always met when thermal digestion or pretreatment was applied; however, the required removal level (6-log-unit removal of E. coli) could not be assessed due to the low level of this microorganism in raw sludge. Observed levels of indicator removal showed a higher resistance of viral particles to thermal treatment compared with bacterial cells and confirmed the suitability of somatic coliphages as indicators in thermal treatment processes.
Introduction
Large amounts of sewage sludge are produced from wastewater treatment plants worldwide and the interest in the beneficial reuse of biosolids in agriculture is growing. However, concerns about potential contamination of the food chain by pathogens in sewage sludge also rise as large numbers of human pathogens, which primarily originate from human faeces, can find their way into biosolids during wastewater treatment (Sahlström 2003; Sidhu and Toze 2009; Viau and Peccia 2009; Wong et al. 2010) .
Analyzing and monitoring all pathogens potentially present in the sludge are not feasible due to their great variety, and the lack of simple and rapid specific identification techniques for their detection. It is a consolidate approach, for assessment of treatment hygienization performances and microbiological quality of products, to monitor the fate of faecal indicator microorganisms. In general, microbial indicators are non-pathogenic microorganisms, easy to determine by traditional cultivation techniques and always present in faeces in higher numbers than pathogens (WHO 2003 (WHO , 2008 . Bacterial, viral and parasitic pathogens have different survival capacities in the environment and different resistances to treatment processes; therefore, no single indicator microorganism can predict the presence of all pathogens (Harwood et al. 2005; Tandoi et al. 2012) . Somatic coliphages (SOMCPH) were suggested as good microbial indicators of viruses' fate in sludge treatment processes, in particular when thermal treatment is applied (Mocé-llvina et al. 2003; Mandilara et al. 2006; Guzmán et al. 2007b; Astals et al. 2012) . Sulphide-reducing clostridial spores (SRCSS) and Clostridium perfringens spores have been also proposed as possible indicators for the reduction of highly resistant pathogens, such as Cryptosporidium oocysts and helminth ova, in sludge treatment systems (Carrington et al. 1991; Guzmán et al. 2007b ).
At present, specific limits for microbiological sludge quality or disinfection treatment requirements are not indicated in the 1986 European Directive on the use of sewage sludge in agriculture (European Commission: Council Directive 86/278/EEC 1986) that is still operative. However, two EU working documents on sludge have been produced since then that considered the sludge hygienization issue: the EU Working Document on sludge (2000) and the EU Working document on sludge and biowaste (2010) . The EU Working Document on sludge (2000) indicates that in order to be used without restrictions, sludge should undergo an hygienization process by an "advanced treatment", which should achieve at least a 6-log-unit reduction of Escherichia coli and produce sludge complying with the following limits: no Salmonella in 50 g (wet weight, WW) and E. coli <500 colony-forming unit (CFU)/g. It is also proposed that sludge produced by "conventional treatments" should show a 2-log-unit reduction of E. coli, and its use is allowed with restrictions on its application time, site and modality. Mesophilic anaerobic digestions (MAD) at a temperature of 35°C with a mean retention time of 15 days and thermophilic anaerobic digestions (TAD) at a temperature of at least 53°C for 20 h as a batch, without admixture or withdrawal during the treatment, are indicated, among others, as conventional and advanced treatment processes, respectively. The more recent EU document only suggests the limit absence of Salmonella in 25-50 g and E. coli <5×10 5 /g WW as possible criteria for the use of sludge in agriculture.
MAD is the most commonly used sludge stabilization process in large municipalities. However, the hygienization performance of this treatment is known to be very low, achieving the removal of approximately 1-2 log units of common bacterial indicators (Carrington et al. 1991; Gantzer et al. 2001; Moce'-Llivina et al. 2003; Sahlström et al. 2004; Mandilara et al. 2006; Guzmán et al. 2007a, b; Pepper et al. 2010; Astals et al. 2012) . Increased hygienization performance is obtained in TAD at 50-55°C that efficiently reduces bacterial indicators by >3 log units (Sahlström et al. 2004; Astals et al. 2012) . In respect to MAD, TAD increases methane production and reduces the retention time needed for sludge treatment. However, some drawbacks such as the poorer sludge dewaterability, lower stability and higher odour potential have limited its industrial implementation (Duran and Speece 1997) . Alternatively, different combinations of sludge digestion treatments are being developed, evaluated and applied in order to achieve an appropriate quality for safe application of sludge on agricultural land (Lv et al. 2010; Astals et al. 2012; Gianico et al. 2013) . These treatments can be complemented with other pretreatments (i.e. sonication and thermal or chemical hydrolysis) to improve further digestion stages (Carballa et al. 2009; Braguglia et al. 2012) .
In the European project ROUTES, a separated treatment of the secondary sludge (waste-activated sludge, WAS), segregated from the more polluted primary sludge, was proposed as an alternative route for the implementation of safe land application of treated sludge (Mininni et al. 2004) . With this in mind, new sludge treatment solutions were evaluated to maximize secondary sludge flock disintegration and to consistently improve organic matter reductions, methane and biogas production and sludge dewaterability. The investigated treatment solutions and their stabilization performances are described elsewhere in this issue Braguglia et al. 2014; Tomei and Carozza 2014) .
The objective of this study was the evaluation of hygienization efficiency of treatment systems investigated in the ROUTES project for the production of safe sludge for land application from WAS. The hygienization performances of two sludge pretreatments (thermal hydrolysis and sonication) and two innovative combinations of biological treatments, namely the sequential mesophilic anaerobic/aerobic digestion (AA) (Novak et al. 2003 ) and the double mesophilic and thermophilic digestion of untreated (UMT-untreated) or sonicated sludge (UMT-sonic) , were investigated in comparison to the MAD and TAD, as example for "conventional" and "advanced" sludge treatment processes (Environment DG 2000) . Three microbial indicators, E. coli, somatic coliphages (SOMCPH) and C. perfringens spores, as well as two pathogens, Salmonella and enteroviruses, with different resistances to treatment processes, were monitored in untreated and treated sludge. The level of microbial contamination of WAS was also evaluated in comparison to literature data on mixed sludge quality. Additionally, compliance of treatment performances and final sludge quality levels were determined attending to the present EUproposed criteria for the reuse of sludge in agriculture (Environment DG 2000) , and finally, the value of the proposed limits and microbial indicators for the assessment of sludge hygienization performances were discussed.
Materials and methods

Sludge treatment systems
Two pretreatments (thermal hydrolysis, TH, and sonication, SON) and five biological treatments systems (MAD, TAD, AA, UMT-untreated, UMT-sonic) were investigated.
Pretreatments Thermal pretreatment was performed at 135°C for 20 min as described in Gianico et al. (2013) . The disintegration by sonication was performed with an ultrasonic processor UP400S (Dr. Hielscher, Germany) operating at 300 W and 24 kHz. The sonotrode had a diameter of 22 mm making the device suitable for sample volumes of 500 mL. Sonication energy input was set at 0.4-0.5 kWh/kg dry solid on 500 mL of waste-activated sludge (3.2-4.7 %TS) placed in a 1-L beaker with the probe allocated at 3 cm above the beaker bottom.
Biological treatment processes For the biological processes, laboratory-scale anaerobic glass digesters were operated in semicontinuous mode and fed with the untreated or pretreated WAS from Roma Nord wastewater treatment plant.
For the TAD, a 7-L-jacketed glass reactor, fed with untreated WAS, was operated in a semicontinuous mode as described in Gianico et al. (2013) . The digester was completely mixed and maintained at the constant temperature of 55°C for the complete operating period of 102 days (organic loading rate (OLR) 1.8 g volatiles solids (VS)/L/day; hydraulic retention time (HRT) 8 days). The loading rate applied was in the range of typical full-scale anaerobic plants and similar to other authors' studies (De la Rubia et al. 2006; Toreci et al. 2009 ). Working at higher loads could in fact inhibit the anaerobic process, due to a significant release of ammonia deriving from intense protein degradation typical for thermophilic digestion (Han et al. 2007) .
For the UMT process, digestion of sludge was carried out using four anaerobic 7-L digesters operated in semicontinuous mode. Two reactors were used to carry out the two-stage digestion of untreated WAS (UMT); the other two reactors were selected to treat the same sludge but after sonication (UMT-sonic). The two "first stage" reactors were maintained at a constant temperature of 37°C, while two "second stage" reactors were maintained at 55°C. The OLR to the first mesophilic reactor was fixed at 3.9 kg VS/m 3 /day (HRT= 5 days) and to the successive thermophilic reactor at 1.2 kg VS/m 3 /day (HRT=10 days), according to other studies (Ge et al. 2010; Riau et al. 2010) .
For the sequential AA digestion system, two 7.4-L cylindrical glass reactors were operated in series: the untreated secondary sludge was fed daily to the anaerobic reactor and a volume of anaerobically digested sludge from this reactor, evaluated on the basis of the sludge retention time, was fed to the following aerobic reactor. Both reactors were equipped with mechanical stirrers. During the operating period (7 months), the anaerobic reactor was maintained at 37± 0.5°C with a sludge retention time (SRT) of 15 days, and the aerobic reactor was operated at room temperature with a SRT of 12 days. The anaerobic SRT value was selected from the lower range of values reported in the specialized literature for mesophilic anaerobic digestion (Vesilind and Spinosa 2001) . Aerobic SRT has been established in order to achieve a simultaneous nitrification and denitrification; thus, it was higher than previous values proposed for the aerobic sludge posttreatment (Kumar et al. 2006; Subramanian et al. 2007 ), which were mainly focused to improve the solid removal efficiency and the dewaterability of the digested sludge. The OLR values, in the range of 1.42-2.54 kg VS/m 3 /day, were higher than the average value of~1 kg VS/m 3 /day generally applied in anaerobic mesophilic digestion of sewage sludge (Bolzonella et al. 2005) . They were selected based on preliminary tests demonstrating a better performance of the AA process for highly loaded digesters (Tomei and Carozza 2014) .
As indicated for advanced treatments (Environment DG 2000) , the thermophilic anaerobic digestion, single or combined, was always operated at a temperature of at least 53°C for 20 h as a batch, without admixture or withdrawal during the treatment. MAD was performed with a mean retention period of 15 days as required for conventional sludge treatment (Environment DG 2000) .
Digestion performances of the biological processes are described in this issue Gianico et al. 2014; Tomei and Carozza 2014) or elsewhere (Gianico et al. 2013 ).
Samples and sampling campaigns
Pretreatments and biological treatment processes' hygienization performances were monitored by assessing microbial indicators and pathogen levels in untreated and treated sludges. The TH and SON were analyzed during nine (TH) and four (SON) sampling campaigns for microbial indicators and two (TH) and one (SON) sampling campaigns for pathogens. The laboratory scale reactors were monitored for microbiological parameters only during periods characterized by stable digestion performances, i.e. after reaching constant VS removal rates, for both anaerobic and aerobic phases, and only for the anaerobic digestion, after reaching constant specific biogas production. In each sampling campaign, samples of the raw sludge and the final treated sludge produced by the complete processes were collected. Only for the AA process, both the performances of the single MAD and of the complete process were determined collecting the MADand AA-treated samples at each sampling campaign. In detail, the following sampling campaigns were performed: TAD (eight for E. coli and C. perfringens spores and five for SOMCPH), MAD and AA (seven for E. coli and C. perfringens spores and six for SOMCPH), and UMT and UMT-sonic (four for all indicators). Additionally, Salmonella and enterovirus levels were determined during one sampling campaign for each treatment, while Salmonella spp. presence/ absence in 50 g WW was assessed in four (TH, SON), three (TAD, MAD, AA) and two (UMT and UMT-sonic) sampling campaigns.
Microbial analysis
E. coli and Salmonella were determined following a modified pre-normative method, developed under the CEN/TC308 and defined previously in the EU project HORYZONTAL-HYG. Shortly, for E. coli, the homogenized diluted sample was inoculated on ChromoCult agar (Merck, Germany) and incubated initially at 30±1°C for 4±0.5 h and then at 44±1°C for 16±2 h. The presence of E. coli was shown by the purple reaction resulting from the hydrolysis of MUG. The E. coli detection limit ranged between 1.2×10 2 and 2.6×10 2 CFU/g depending on the sludge dry weight (DW) content.
Salmonella presence/absence was assessed by a five-step procedure comprising: (a) pre-enrichment of 50 g WW of sludge in buffered peptone water (24 h, 36°C), (b) enrichment in Rappaport-Vassiliadis medium (42°C, 24 h), selection on two media, namely (c) SMS agar (42°C, 24 h) followed by (d) Hektoen enteric agar (37°C, 24 h) and, finally, (e) biochemical confirmation of the colonies grown on nutrient agar by MUCAP test (Biolife Italiana, Italy). The most probable number (MPN) quantification of Salmonella was performed using the same enrichment, selection and detection systems on a serial dilution of the homogenized sample. C. perfringens spores were analyzed according to Bufton (1959) . SOMCPH were analyzed by extraction procedures described by Guzmán et al. (2007a) and their enumeration by using the standardized methods ISO10705-2. Cultivable enteroviruses were eluted from samples according to USEPA standard (Anon 2003) . Briefly, liquid raw sludge was conditioned by the addition of AlCl 3 to a final concentration of 0.0005 M, then thoroughly mixed by shaking and centrifugation. From this point on, the pellet of the conditioned raw sludge and the other sludges were treated in the same way to elute any viruses adsorbed to the solids. Elution was performed with 10 % beef extract and viruses were concentrated by organic flocculation according to Katzenelson et al. (1976) . Eluted viruses were enumerated by the double-layer plaque assay using buffalo green monkey (BGM) cell line (European Collection of Animal Cell Cultures, accession number 90092601).
Statistical analysis
Statistical analyses were conducted using SigmaStat version 3.5 to assess statistically significant differences in the level of microbial indicators between raw and treated sludges for each process, and to evaluate differences in hygienization performances (E. coli, SOMCPH and C. perfringens spores log-unit removals) obtained by the different treatment solutions. Logunit removals and log10-transformed concentration values were used for all computations and tests. The MannWhitney rank sum nonparametric statistical test was used for non-normally distributed data. For normally distributed data, the unpaired t test was applied; differences were considered significant at P<0.05.
Results
Microbiological quality of raw secondary sludge
The microbial load of the secondary sludge fed to the investigated pretreatment and treatment processes was determined by monitoring three microbial indicators (E. coli, C. perfringens spores and SOMCPH) and two index pathogens (Salmonella and enteroviruses). In Table 1 , the obtained results are reported in comparison with literature data related to microbiological quality of mixed sludge.
Microbial indicators were always detected and were present at high concentrations in the raw secondary sludge, ranging from an average of 3.5×10 5 CFU/g DW of C. perfringens spores to 3.7 × 10 6 plaque-forming unit (PFU)/g DW of SOMCPH. Lower levels of bacterial indicators, approximately 10 3 CFU/g DW, were also found in raw sludge, but only in few sampling campaigns (3/18). Enteroviruses were detected only in two of the analyzed samples at very low levels: 1.8 and 2.03 PFU/g DW, while Salmonella was always detected in the raw sludge, ranging from 20 to 200 MPN/g DW. The observed Salmonella concentration was within the previously reported wide range for this bacterium in mixed sludge. With the exception of Salmonella, the level of the analyzed microbial parameters in our samples was very similar or lower than previously reported for mixed sludge (see Table 1 ). In particular, the secondary sludge seemed to be less contaminated with enteroviruses and SOMCPH, which were on average 1 log unit less concentrated in comparison to data previously reported for mixed sludges.
Processes' hygienization performances
The microbial inactivation level was determined by assessing presence and abundance of microbial indicators, E. coli, C. perfringens spores and SOMCPH, in the fed and produced sludge of the investigated treatment solutions. Pathogen levels were also determined for each treatment in one or two sampling campaigns.
The microbial log-unit removal rates achieved by the analyzed pretreatment/digestion processes, as well as the numbers of treated sludge samples positive for Salmonella and other microbial indicators examined in this study, are reported in Table 2 .
C. perfringens spores showed to be the most resistant indicator; they were reduced only at very high temperatures in TH (P<0.001 Mann-Whitney rank sum test), while no statistically significant differences in the level of this parameter was observed between raw and treated sludge (P ranging from 0.1 to 0.6 t test) for the rest of monitored sludge treatment processes. E. coli and SOMCPH levels decreased in all the treatment processes except sonication, where no removal was observed for all the analyzed microbial parameters. Salmonella was removed to below detection limit in all treated samples but sonicated sludge.
As expected, the TH at 130°C provided the highest removal of microbial parameters reducing their concentration to non-detectable levels in almost all analyzed samples.
In respect to the biological processes, only limited hygienization efficiency was obtained by MAD, no removal of C. perfringens spores and approximately 1-log-unit removal of E. coli, SOMCPH and Salmonella was observed.
As shown in Table 2 , the aerobic stabilization phase in the AA, in respect to the MAD, increased removal of both E. coli (P<0.001 t test) and SOMCPH (P=0.001 Mann-Whitney rank sum test), respectively, from 1.2 to 2.4 log CFU/g DW and from 0.9 to 2.0 log PFU/g DW. Notably, the removal of E. coli in the AA system was always ≥2 log units.
A statistically significant increase of E. coli (P<0.001 t test) and SOMCPH (P=0.004 Mann-Whitney rank sum test) removal was also obtained in TAD in respect to MAD. TAD greatly enhanced the removal of the most heat-sensitive indicator, E. coli, that was reduced to non-detectable levels in most of the treated samples, with final log-unit removal rates of ≥3 log units on average. SOMCPH removal also increased by 1-1.5 log units from 37 to 55°C digestion, with a final removal level of 2-2.5 log units; however, SOMCPH could still be detected in 93 % of TAD-treated samples. The difference between viral and bacterial removal in sequential UMT treatment samples and TAD samples was not statistically significant (P=0.19, Mann-Whitney rank sum test, and P= 0.099, t test, respectively), indicating that the thermal digestion stage was mainly responsible for disinfection in this combined process. The values of bacterial and viral removal rates in thermophilic digestion, comprising the simple (TAD) and sequential processes (UMT, UMT-sonic), confirmed the higher resistance of viral particles to thermal treatments. In thermally digested samples, as well as in TH, E. coli was always reduced to below detection limit and no differences in log-unit removal of this bacterium could be observed between the more (TH) and less intense (TAD and UMT) thermal treatments (P=0.59 and 0.16, respectively; t test). SOMCPH were reduced to non-detectable levels only by TH and in one TAD-treated sample. Consequently, their concentration in treated sludges (ranging from 3.8 to 6.3 log PFU/g DW) allowed to evaluate SOMCPH reduction by all the other treatments.
Enteroviruses in the raw sludge, when detected, were at a very low concentration (Table 1) and were detected only in /10 g DW (Guzmán et al. 2007a, b) 19.02±31.6/4 g DW (Pepper et al. 2010) Environ Sci Pollut Res (2015) 22:7237-7247one treated sludge sample. Consequently, the specific removal of these microorganisms by different treatment processes could not be evaluated. Although the detection limit for the applied enterovirus enumeration method was <0.01 PFU/g DW, their estimated reduction in enterovirus-positive sampling campaigns was around 2 log units. Overall, it was determined that the ratio of SOMCPH/enteroviruses was around 5 log units, which suggests in agreement to previous findings (Berman et al. 1981; Lewis et al. 1983; Monpoeho et al. 2000 Monpoeho et al. , 2004 , that enteroviruses are not present or are present at very low concentrations (lower than detection limits, <0.01 PFU/g DW) when somatic coliphages are lower than 10 4 PFU/g DW.
Microbiological quality of treated sludge with compliance to proposed limits
The quality of the final sludge produced by the investigated processes in terms of compliance to the proposed microbial indicators limits and removal requirements (Environment DG 2000) was determined and compared to the hygienization level obtained by the conventional treatment, MAD, and the advanced treatment, TAD. Additionally, the achievement of a tentatively indicated limit of SOMCPH <10 4 PFU/g DW was assessed.
However, as shown in Fig. 1 , the 6-log-unit E. coli removal proposed for the evaluation of advanced treatment performances could not be determined due to the low level of this bacterium in the raw WAS.
E. coli concentration above 6 log CFU/g DW was in fact observed only in 22 % of the analyzed WAS, and it was below 5 log CFU/g DW in 45 % of the analyzed samples. Consequently, a more complex and extensive analysis of a larger sludge quantity (10-100 g DW) might be necessary for the assessment of the required E. coli removal.
In Table 3 , the percentages and numbers of treated samples that reached the 2-log-unit removal of E. coli required for conventional treatments and the proposed microbial quality limits (E. coli <500 CFU/g; no Salmonella in 50 g WW) for sludge treated by advanced treatments as well as the tentatively indicated limits of SOMCPH <10 4 PFU/g DW are reported for each sludge treatment.
Differently from what was expected for conventional treatments (Environment DG 2000) , in our study, MAD did not achieve a 2-log-unit removal of E. coli. With the exception of sonication pretreatments, all the other analyzed treatment processes were however able to remove 2 log units of E. coli, always producing sludge suitable for agricultural use with restrictions on their application.
According to what was required for advanced treatments TAD, single and combined, as well as the TH, produced sludge complying with both sludge quality limits for E. coli (<500 CFU/g) and Salmonella (absence in 50 g WW) in all or all but one samples, respectively. Surprisingly, the same limit of Salmonella required for sludge treated with advanced treatments was achieved in all digested samples including the MAD-and the AA-treated samples.
Compliance with the tentative limit of SOMCPH was achieved in 100 % of the TH-treated samples but was only rarely attained by TAD and UMT, in 20 and 25 % of samples, respectively. This suggests that this thermal treatment might not be adequate for an efficient virus removal.
Discussion
In the ROUTES project, the segregation of the less-polluted WAS from primary sludge and its separated treatment was proposed and investigated for high potentiality (>100,000 PE) wastewater treatment plants with the objective of reducing the risk of contamination by agricultural reuse of sludge. In particular, this study was focused on the assessment of WAS microbial contamination levels as well as the microbial inactivation performances of different sludge treatment solutions. The obtained results partially confirmed the expected lower microbial contamination of secondary WAS in comparison to mixed and primary sludge. All the analyzed parameters, except for Salmonella, were in fact either less concentrated or in the same range of what was previously reported for mixed sludges. Notably, a lower level of enteroviruses and SOMCPH, approximately 1 log unit lower on average, was observed in our secondary sludge in respect to mixed sludge literature data (Pourcher et al. 2005; Guzmán et al. 2007b; Pepper et al. 2010; Astals et al. 2012) . Viruses can adsorb to various organic and inorganic solids and, according to Berg (1973) , primary clarification can greatly remove viruses that are largely associated with solids in sewage. Consistently, Hejkal et al. (1981) showed that solid-associated enteroviruses account for 20-47 % of the total enteroviruses in untreated wastewaters and, in agreement with other authors (Moore et al. 1974; Wellings et al. 1976) , suggested that clarification contributes largely to virus removal in wastewater treatment plants. However, the observed lower virus contamination in WAS should be confirmed with larger sets of data by direct comparisons of primary and secondary sludge.
Salmonella concentrations in WAS similar or lower than those observed in our study were instead previously reported in literature for mixed sludges (Dahab and Surampalli 2002; Pourcher et al. 2005; Forster-Carneiro et al. 2010) . 4 PFU/g DW a TH 100 (9) 89 (9) 100 (4) 100 (9) SON 0 (4) 0 (4) 0 (4) 0 (4) MAD 0 (7) 0 (7) 100 (3) 0 (9) AA 100 (7) 43 (7) 100 (3) 33 (6) TAD 100 (8) 100 (8) 100 ( (8) 100 (8) 100 (2) 25 (8) Accordingly, Dahab and Surampalli (2002) observed no differences in Salmonella concentration between primary and secondary sludge. Independently of the use of secondary sludge as feed, our data on hygienization performances of MAD and TAD confirmed recent literature for these treatments. A very limited disinfection capacity of MAD was observed and removal levels were very similar to those reported in literature: approximately 1-log-unit removal of SOMCPH (Mandilara et al. 2006; Guzmán et al. 2007a, b; Astals et al. 2012) , 1-to 2-log-unit removal of E. coli and Salmonella (Gantzer et al. 2001; Horan et al. 2004; Astals et al. 2012) and no removal of spores (Sahlström et al. 2004; Guzmán et al. 2007b; Carballa et al. 2009 ) were measured. Improved hygienization was obtained by TAD with removal performances, for E. coli (≥3 log units), SOMCPH (2-2.5 log units) and C. perfringens spores (no removal), comparable to previously reported data (Carrington et al. 1991; Sahlström et al. 2004; Aitken et al. 2005; Astals et al. 2012) . No reduction of microbial parameters was measured after sonication, and consistently, the sequential UMT process, with or without sonication pretreatment, showed hygienization performances comparable to TAD, indicating that thermal treatment was the main driver for microbial inactivation in the UMT systems.
As expected, thermal pretreatment was very efficient in the inactivation of the analyzed microbial parameters including the very resistant C. perfringens spores. All the microbial indicators were reduced to non-detectable levels with an estimated logarithmic removal of >3.9±0.5, >2.5±0.7 and>3.2± 0.7, respectively, for SOMCPH, C. perfringens spores and E. coli. Consistently, previous studies on thermal treatment processes reported a similar C. perfringens spore removal rate at 130°C (Carballa et al. 2009 ), while little or no removal (0.3-log-unit reduction) of this indicator was observed at 80°C for 90 min (Mocé-Llvina et al. 2003) . Besides being utilized as microbial indicators, some Clostridium species are known pathogenic microorganisms and other species were reported as causes of big economic losses in dairy industries when cows are fed with silage fertilized by digested residue (Sahlström 2003) . However, most endospore-forming bacteria are already present in the soil and whether their potential increase by added treated sludge might increase the risk of the reuse of biosolid in agriculture would require further investigation. SOMCPH inactivation levels similar or higher than those observed by TH in our study were previously reported by less intense thermal treatments (80°C for 10 min) (Astals et al. 2012) suggesting that, differently from what was observed for C. perfringens spores, high temperature applied in TH might not be necessary for an efficient virus inactivation.
The hygienization performance of the sequential AA process was evaluated for the first time, showing an increased removal of SOMCPH and E. coli in respect to the simple MAD. In particular, inactivation levels in between those reported for MAD and TAD were obtained for E. coli (2.4-logunit reduction on average) and a removal performance (2-logunit removal) comparable to that obtained by TAD was achieved for the viral indicators. Notably, the AA process always achieved the E. coli 2-log-unit removal requirement for the production of sludge suitable for agricultural reuse.
Although operated as described for conventional treatment, namely "mesophilic anaerobic digestion" at a temperature of 35°C with a mean retention period of 15 days (Environment DG 2000) , in this study, MAD never reached the expected E. coli 2-log-unit removal of conventional treatment. Similar MAD E. coli removal performances were reported by Gantzer et al. (2001) and Horan et al. (2004) , suggesting that a hygienization performance lower than expected by Environment DG (2000) might be obtained by the described process. On the contrary, in agreement with what was expected by "advanced treatment processes", the thermophilic digestion, either single (TAD) or combined (UMT), as well as the TH, always produced sludge conforming to the microbial quality limits for the unrestricted use of sludge in agriculture (no Salmonella in 50 g WW and E. coli <500 CFU/g DW). However, the 6-log-unit E. coli removal performance could not be assessed due to the low level of E. coli in the examined WAS, ranging from 3.0×10 3 to 2.9×10 6 CFU/g DW. Similar E. coli values are reported in literature for raw mixed sludge (Pourcher et al. 2005; Carballa et al. 2009; Astals et al. 2012; Chen et al. 2012) , indicating that the criteria of 6-log-unit E. coli removal proposed for advanced processes evaluation might not be easily applicable in sewage sludge treatments, as raw sludge might not possess a sufficient initial E. coli concentration.
In our study, the Salmonella limit for sludge treated by advanced treatment (absence in 50 g WW) was always achieved by MAD. Other authors (Gantzer et al. 2001; Sahlström et al. 2004; Guzmán et al. 2007b ) instead frequently detected this bacterium in 50 g WW in MAD-treated sludge in spite of their reported bacterial removal performance being very similar to that obtained in our study. In general, a wide range of concentrations from 1.2 to 3.2 MPN/g DW (Pourcher et al. 2005 ) to 5.58-6.55 log MPN/g DW (Chen et al. 2012 ) is reported for this bacterium in raw sludges. Consequently, also the achievement of the proposed Salmonella limit by digestion treatment can be highly dependent on the initial concentration of this bacterium and might vary in different studies.
Enteroviruses were scarcely detected in the treated sludge; however, they were either rarely detected or present in low numbers in the analyzed raw sludge fed to the treatment systems, confirming their reported poor value as an indicator of sludge treatment performance (Viau and Peccia 2009; Pepper et al. 2010) .
Previous research indicated SOMCPH as a valuable alternative indicator of virus removal in thermal treatments (Moce'-Llivina et al. 2003; Guzmán et al. 2007b; Astals et al. 2012 ). In our study, the observed lower SOMCPH inactivation in TAD in comparison to E. coli corroborates previous findings (Moce '-Llivina et al. 2003; Mandilara et al. 2006; Guzmán et al. 2007b; Astals et al. 2012) showing the higher resistance of viral particles to thermal treatments and suggesting a low reliability of bacteria as an indicator of viruses' fate at temperatures >55°C. SOMCPH were always present and could be easily quantified in raw-treated sludge samples with the exception of TH effluent, and diverse removal levels could be estimated in treatments with different disinfection power. Consequently, SOMCPH are showing to be an appropriate viral indicator for measuring the efficacy of microbial reduction by new hygienization processes. The proportion between SOMCPH and enteroviruses was around 4-5 log units in agreement with previous studies (Berman et al. 1981; Lewis et al. 1983; Monpoeho et al. 2000 Monpoeho et al. , 2004 , suggesting that enteroviruses are not present or at very low concentration (lower than detection limits, <0.01 PFU/g DW) when somatic coliphages are lower than 10 4 PFU/g DW. In our study, this SOMCPH level was tentatively applied to estimate removal performances of different processes and it allowed, in contrast to limits based on bacterial indicators, to differentiate more and less intense thermal treatments. It was also clearly shown that intense thermal treatments such as TH are required for the achievement of this limit while TAD, when operated as proposed for advanced treatment, only rarely reduced the SOMCPH concentration below 10 4 PFU/g DW and consequently might not be efficient in the reduction of pathogenic viruses. However, the reliability of somatic coliphages and of the proposed limit as an indicator of the presence and removal of human pathogenic enteroviruses in sludge treatment will be considered and confirmed on a larger set of data in further studies.
Conclusions
As described above, hygienization performances of innovative treatment processes, applied for the stabilization of WAS, were investigated also considering conformity to the proposed EU quality requirements for the reuse of sludge in agriculture. Additionally, the value of microbial indicators for the assessment of sludge treatment performances was evaluated. In the following, the main conclusions drawn are reported:
-Sludge thermal treatments, as expected, produced the sludge of higher microbiological quality. Good hygienization performances were obtained by TAD that always removed bacterial indicators and pathogens, to below detectable level. Nevertheless, more intense thermal treatments, such as the TH, were shown to be necessary for the efficient reduction of viruses and of very resistant C. perfringens spores. -The aerobic phase, in the sequential AA treatment, was shown to greatly contribute to the reduction of microbial load, allowing the achievement of the microbial quality levels proposed for the reuse of sludge in agriculture with restriction on their application. Only limited microbial load reduction was obtained by anaerobic digestion at lower temperature (37°C) and by mild sonication pretreatment. -Bacterial and viral pathogens were only rarely detected and were present at low levels in the analyzed untreated and treated sludge, confirming their limited values as monitoring parameters for sludge hygienization performances. -Conventional bacterial indicators such as E. coli were shown to be very sensible to thermal treatments. In particular, the observed levels of indicator removal showed higher resistance of viral particles to thermal treatment compared to bacterial cells and confirmed the suitability of somatic coliphages as viral indicators in thermal treatment processes. Based on obtained and previously reported SOMCPH/enteroviruses ratios, the SOMCPH level of <10 4 PFU/g DW corresponding to no or very limited enteroviruses presence in sludge was tentatively indicated as possible sludge quality limit.
